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Abstract
Increased biodiversity may improve ecosystem ser-
vices, including herbage yield. A mixture experiment
was carried out at five sites in Northern Europe and
one in Canada to investigate whether mixtures of
grasses and legumes would give higher herbage yield
than monocultures. Resistance of the mixtures to
weed invasion and nutritive value of the herbage were
also investigated. The experimental layout followed a
simplex design, where four species differing in specific
functional traits, timothy (Phleum pratense L.), smooth
meadow grass (Poa pratensis L.), red clover (Trifolium
pratense L.) and white clover (Trifolium repens L.), were
grown in monocultures and eleven different mixtures
with systematically varying proportions of the four
species. Positive diversity effects (DE) were observed,
leading to greater herbage dry-matter (DM) yield in
mixtures than expected from species sown in mono-
cultures. For centroid mixtures, the DE generated on
average an additional 32, 25 and 21% of the DM yield
than would be expected from the monocultures in the
first, second and third year respectively. On average,
the mixtures were 9, 15 and 7% more productive
than the most productive monoculture (transgressive
overyielding) in the first, second and third year
respectively. These benefits persisted over the three
harvest years of the experiment and were consistent
among most sites. This positive effect was not accom-
panied by a reduction in herbage digestibility and
crude protein concentration that is usually observed
with increased DM yield. Mixtures also reduced the
invasion of weeds to <5% of herbage yield compared
to monocultures (10–60% of herbage yield).
Keywords: diversity effect, grass-legume mixtures,
herbage quality, transgressive overyielding
Introduction
In the light of the present challenges in the production
of food, ways must be found to increase the productiv-
ity of agricultural land without further increasing the
use of external inputs, such as chemical fertilizers, or
even preferably by reducing inputs (Foley et al.,
2011). There is, thus, increasing demand for sustain-
able agriculture where outputs (food, fibre, fuel, oil)
can be produced over long periods while maintaining
ecosystem services without depletion of natural capital
(e.g. minerals, biodiversity, soil and clean water).
Diverse mixtures of plant species can use resources
more efficiently in nutrient-poor environments (Hec-
tor, 1998), and they can produce more biomass than
communities of one or few species (Hector et al., 1999;
Cardinale et al., 2007). In agricultural ecosystems,
grass–legume mixtures have the potential to increase
productivity, herbage nutritive value and resource
efficiency (Peyraud et al., 2009). Recent results of a
pan-European experiment, using two grasses and two
forage legumes at thirty-one sites for 3 years, have
demonstrated strong positive mixing effects (Finn
et al., 2012).
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Synthesized N fertilizer is essential to maintain pro-
ductive agriculture, but greater use of biological N fix-
ation in agricultural systems could reduce reliance on
synthetic N. It has been shown that grass species can
benefit from growing in mixtures with legume species
(Temperton et al., 2007), and N fixation of legume
species can be enhanced with competition from non-
legume species (Nyfeler et al., 2011). Low tempera-
tures, however, can constrain the utilization of the N-
fixing ability of legumes (Nesheim and Boller, 1991).
Low temperatures and harsh winter conditions can
also affect the survival of perennial legume species
(Wachendorf et al., 2001; Belanger et al., 2006).
Breeding efforts have been carried out to produce cul-
tivars that give high herbage yield and are persistent
in mixture with grasses at low temperatures (Hel-
gadottir et al., 2008).
Different species growing together in a mixture can
use resources in different ways, both in space and
time, thus avoiding competition and exploiting the
environment more efficiently than communities con-
sisting of one or few species (Trenbath, 1974; Hooper,
1998). For example, plants can differ in depth of root-
ing and, hence, exploit different soil layers (Wilson,
1988), or mixtures can use the sunlight more effi-
ciently than monocultures through improved intercep-
tion of light (Spehn et al., 2005). Furthermore,
components of a mixture may show nutritional com-
plementarity. Legumes, particularly species of the
genus Trifolium, can utilize atmospheric N through
their symbiotic N fixation ability. This can lead to posi-
tive interactions between legume and non-legume
species through the increase in the soil-N pool pro-
vided by the legumes (Mulder et al., 2002). Effects of
legumes can persist even if the proportion of legumes
in the total biomass is small (Mulder et al., 2002; Nyf-
eler et al., 2011). Positive interactions have also been
observed among non-legume species (e.g. van Ruijven
and Berendse, 2003; Hooper and Dukes, 2004).
Losses from weed competition represent a signifi-
cant waste of resources (water and nutrients) in agri-
cultural systems, and more efficient use of resources
in diverse grass–legume mixtures makes them more
resistant to the invasion of weeds than communities
composed of fewer species (Frankow-Lindberg et al.,
2009). Greater evenness of species in a mixture fur-
ther increases their resistance to weed invasion (Tracy
and Sanderson, 2004).
Niche complementary and resistance to weeds and
diseases can result in greater yield in mixtures than
would be expected from the component species grow-
ing separately (Trenbath, 1974). Meta-analysis carried
out by Cardinale et al. (2007) showed that mixtures
were more productive than the average monoculture
(i.e. overyielding) in 79% of the forty-four
experiments they summarized. The most diverse mix-
ture used in the experiments achieved 17 times the
biomass of the average of the monocultures and 088
times the yield of the most productive species grown
in monoculture. In 12% of the experiments, the mix-
tures were more productive than the most productive
monoculture (transgressive overyielding).
While it is desirable in agronomic systems to
achieve good yields, it is no less important to obtain
herbage of high digestibility, low fibre content and
high concentration of protein, to sustain animal pro-
duction (McDonald et al., 2002). Forage legumes gen-
erally have higher nutritive value than grass species,
and therefore, growing grasses and legumes in mix-
tures can improve herbage nutritive value compared
with grass monocultures (Zemenchik et al., 2002),
due, for example, to slower decline in digestibility
with advancing maturity and higher levels of protein
(Dewhurst et al., 2009).
The aim of this study was to investigate whether
grass–clover mixtures will improve yield and herbage
nutritive value compared with growing these species
in monocultures under the fairly extreme climatic
conditions of Northern Europe and Canada, and if
such benefits are present, whether they are consistent
across different sites in the northern region and persist
over several years.
Materials and methods
Experimental design and measurements
A total of fifteen different grassland communities, con-
sisting of various combinations of timothy (Phleum
pratense L.), smooth meadow grass (Poa pratensis L.),
red clover (Trifolium pratense L.) and white clover (Tri-
folium repens L.), were established at six sites across
Northern Europe and Canada [Iceland (a), Iceland (b),
Norway (a), Norway (b), Sweden and Canada] and
harvested over a 3-year period (Table 1). The Cana-
dian site had a more continental climate than the four
sites in the Nordic countries, as indicated by both
higher annual mean temperature and lower tempera-
tures during December, January and February. At
each site, four monocultures and eleven four-species
mixture communities were sown according to a sim-
plex design (Cornell, 2002) at two levels of overall
sown density, with the high level being the recom-
mended seed weight (100%) under northern condi-
tions and low being 60% of high, giving thirty plots at
each site and 180 plots in total. At the high sown den-
sity, the seeding rates of the monocultures were 20,
24, 12 and 10 kg ha1 for timothy, smooth meadow
grass, red and white clover, respectively. The four-
species mixtures varied in the sown proportions of the
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four species, based on the monoculture seeding rate
for each species; there was one centroid mixture with
equal sowing proportions (25, 25, 25 and 25%), four
mixtures with each species dominant in turn (70, 10,
10 and 10%) and six mixtures with two species co-
dominant in turn (40, 40, 10 and 10%) (see Kirwan
et al., 2007 for more details). The species were catego-
rized into four functional groups: grass/legume 9 fast/
slow speed of establishment. Timothy was categorized
as a fast-establishing grass, smooth meadow grass as a
slow-establishing and persistent grass, red clover as a
fast-establishing legume and white clover as a slow-
establishing and persistent legume. The experiment
reported here was a part of a larger agrodiversity study
carried out across Europe (Kirwan et al., 2007; Finn
et al., 2012). The sites included here belong to the
northern group, identified by the same group of spe-
cies used.
The experiments were established during 2002 and
2004 (depending on site). A cleaning cut was taken in
autumn of the sowing year at five of the six sites. The
plots varied in size (6–21 m2), were not weeded and
were managed according to local practice for grass–
legume mixtures (Table 1). To estimate the dry-matter
(DM) yield of each plot, a subplot (not <3 m2) was
harvested to a 5-cm height twice over the growing
season for 3 years following establishment (three
times in Sweden in year 2). The harvest dates varied
between sites and years, depending on growing condi-
tions and common practices at each site. Subsamples
of the harvested material (grab samples at Iceland (a),
Norway (a) and (b) and fixed quadrats of 025 m2 at
Iceland (b), Sweden and Canada) were separated into
the individual sown species and weeds. Dry-matter
yield for unseparated samples and all individual com-
ponents was determined after drying at 55–80°C for
60–72 h. The DM yield of sown and unsown species
(weeds) was summed to give the harvested DM yield
per plot. Dry-matter yields across harvests were
summed within each year to give the annual DM yield
per plot.
The nutritive value of the harvested herbage, con-
taining both sown species and weeds at each harvest,
was measured for each plot at four of the six sites
(Iceland (a), Norway (a), Sweden and Canada). For
Iceland (a), measurements are missing for co-domi-
nant mixtures in year 1 and for timothy monocultures
in year 2. Samples were ground and then scanned
using a near-infrared spectrophotometer (NIRS) (FOSS
NIRsystems 6500, Silver Spring, MD, USA) to deter-
mine acid detergent fibre (ADF), neutral detergent
fibre (NDF), in vitro true digestibility (IVTD) and N
concentration. Samples with the highest relative sig-
nificant spectra were selected as calibration set (fifty-
five samples) and validation set (fifteen samples).
Samples of the calibration and validation sets were
analysed in duplicate for ADF, NDF, IVTD and N. Ana-
lytical dry matter was determined by oven-drying at
105°C. Nitrogen concentration was determined by a
micro-Kjeldahl digestion (Isaac and Johnson, 1976)
Table 1 Geographic location, climatic conditions, cultivars and management for the six study sites.
Country
Iceland (a) Iceland (b) Norway (a) Norway (b) Sweden Canada
Site* Reykjavik Reykjavik Holt Loken Pitea Levis
Latitude 64°09′N 64°09′N 69°41′N 61°07′N 65°19′N 46°46′N
Longitude 21°45′W 21°45′W 18°56′E 9°04′E 21°24′E 71°12′W
Elevation (m.a.sl.) 35 35 15 435 5 43
Annual rainfall (mm) 900 900 1031 576 539 991
Annual temperature (°C) 45 45 31 16 21 44
Mean temp. Dec.-Feb. (°C) 08 08 31 88 102 110
Year of establishment 2002 2003 2002 2003 2003 2004
Timothy Vega Vega Vega Vega Vega Vega
Smooth meadow grass Fylking Knut Knut Knut Knut Knut
Red clover Betty Bjursele Betty Betty Betty Bjursele
White clover Norstar Norstar Norstar Norstar Norstar Norstar
Number of harvests 2 2 2 2 2–3 2
N fertilizer (kg ha1 year1) 40 80 60 80 60 60
P fertilizer (kg ha1 year1) 40 40 25 35 55 24
K fertilizer (kg ha1 year1) 60 60 95 100 105 80
*The experimental sites correspond to the site # in the COST 852 Agrodiversity Experiment Database as follows: Iceland
(a) = 13, Iceland (b) = 14, Norway (a) = 23, Norway (b) = 25, Sweden = 33 and Canada = 52.
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followed by determination on an automated continu-
ous-flow injection analyser (Model QuickChem 8000
FIA; Zellweger Analytics Inc., Lachat Instruments, Mil-
waukee, WI, USA; method 13-107-06-2-E). The ADF
and NDF concentrations were determined using the
ANKOM200 Fiber analyzer (Ankom Technology, Fair-
port, NY, USA). The IVTD was measured using the
method of Goering and van Soest (1970) based on a
48-h incubation with buffered rumen fluid followed
by an NDF wash of the post-digestion residues using
the ANKOM DaisyII incubator. The concentrations of
ADF, NDF, N, and IVTD were then predicted in all
samples using the selected NIRS calibration equations.
The NIRS predictions were considered successful with
ratios of prediction to deviation (RPD) >30 (Nie et al.,
2009). Crude protein (CP) concentration was calcu-
lated by multiplying the N concentration by 625, and
in vitro cell wall digestibility (IVCWD) was calculated
using the following equation:
IVCWD = 1000  [(1000  IVTD)/(NDF/1000)]
Annual weighted averages of nutritive value for
every plot were calculated as:
QVi ¼
Xh
j¼1
QMij  yj
 
=
Xh
j¼1
yj
where QMij is the nutritive value i in harvest j, and yj
is the DM yield of harvest j, and QVi is the annual
measure for nutritive value i.
Statistical analysis
We modelled the annual DM yield and nutritive value
attributes using a diversity–interaction model (Kirwan
et al., 2007, 2009):
y ¼
X
1 i 4
biPi þ aM þ
X
1 i<j 4
dijPiPj þ  ð1Þ
where Pi is the sown proportion of species i, M is
the plot overall sown density and is coded 1 for low
density and 1 for high and e is the error term. bi is the
expected yield of species i grown in monoculture, a is
the effect of sown density and dijs are the effects of
the interaction between species i and j, and bi is called
the identity effect for species i. In the absence of inter-
action between species, the expected response y for a
mixture community at average density (M = 0) is the
sum of the identity effects of species in the community
weighted by their sown proportions, ∑biPi. If there are
interactions between species, the expected response y
becomes the sum of weighted identity effects plus the
diversity effect (DE) (additional effect caused by spe-
cies mixing). In model [1], the DE is the sum of the
pairwise interaction effects, each weighted by the
product of the sown proportion of the two interacting
species, DE = ∑ dijPiPj. We fitted several variants of
model [1] where the form of the DE was manipulated
in various ways that included constraining all dij = 0,
constraining all dij equal to a constant d and having
some constraints among the dij related to species func-
tional group classification. For the model with all
dij = d, we defined a scaled version of the sum of the
pairwise products of the sown proportions E = (2 * 4/
(4  1)) ∑ PiPj, where E = 0 for a monoculture and
E = 1 for a four-species centroid (Kirwan et al., 2007).
In the current design, E takes values 0, 064, 088 or
1. Each variant of the diversity–interaction model can
be related to a specific biological hypothesis (Kirwan
et al., 2009).
The annual DM yield and nutritive-value attributes
were each modelled in a combined analysis with data
from all sites and all years. Each model was fitted as a
random-coefficient model (Verbeke and Molenberghs,
2000; Littell et al., 2006) with each coefficient crossed
with year and assumed random across sites within
each year. The covariance matrix for the error term
allowed for the repeated measures across years struc-
ture in the data. The mixed models were fitted using
either maximum likelihood (ML) or restricted maxi-
mum likelihood (REML) using the MIXED procedure
in SAS/STAT software (SAS Institute Inc, Cary, NC,
USA). We used likelihood ratio tests to compare hier-
archical models and AIC to compare non-hierarchical
models (Pawitan, 2001; Burnham and Anderson,
2002), and compared models were fitted using REML
to choose the most suitable error structure and using
ML to choose the covariates to be included (Wolfin-
ger, 1993). We also fitted diversity–interaction models
to the annual DM yield from each site separately to
estimate site-specific DEs.
We tested for transgressive overyielding of annual
DM yield using the permutation test of Kirwan et al.
(2007). This test is biased against the mixtures and is
therefore a conservative test. We applied the test to
annual DM yield averaged across sown densities and
sites for each year. We also tested for transgressive un-
deryielding of annual DM yield of weeds using the
same permutation test on values averaged across sown
densities and sites for each year.
We performed a second analysis on the nutritive-
value attributes to examine how, on average, mixtures
compared to each monoculture. For each combination
of community and sown density, responses were aver-
aged across sites giving a total of thirty values (fifteen
communities by two sown densities) for each year.
These values were analysed separately for each
response and each year by two-way ANOVA using the
GLM procedure in the SAS/STAT software (SAS
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Institute Inc). The first factor had five levels to differ-
entiate mixtures and each of the monocultures (mix-
ture and monocultures of timothy, smooth meadow
grass, red clover and white clover), and the second
factor had two levels for sown density (low and high).
Average values for the mixtures were then compared
with the average values for each monoculture within
each year, using a Bonferroni adjustment for multiple
comparisons.
Results
Dry-matter yield
The best diversity–interaction model that fitted the
annual DM yield is given in Table 2. Sown density
was not significant in the model, and the results that
follow are for average density (M = 0). The predicted
diversity effect (DE = d^1Eþ d^2E2) was positive for all
values of E in each year (Figure 1) (P < 005 for each
test when E = 064, 088 and 10 in years 1, 2 and 3).
The DEs became stronger with increasing evenness of
the mixtures, although there was a saturating effect in
each year (Figure 1). The positive DE means that mix-
tures yielded more herbage than would be expected
from a weighted average of the monocultures. Specifi-
cally for the centroid mixtures, the DE generated on
average an additional 32, 25 and 21% of the DM yield
that would be expected from the monocultures for the
first, second and third year respectively (Figure 2, pri-
mary y-axis). When DM yield was modelled for each
site separately, the DEs were positive and significant
at all sites and all years, except at the Canadian site
where the DEs were not significant for the first
2 years but were significantly negative in the third
year (Table 3). The highest yield benefit of mixtures
was observed at Iceland (b) in year 1.
Table 2 Models for dry-matter yield, neutral detergent fibre
(NDF), in vitro true digestibility (IVTD), in vitro cell-wall digest-
ibility (IVCWD) and crude protein (CP).
Variable Model
Yield
y ¼
X4
i¼1
biPi þ aM þ d1Eþ d2E2 þ 
NDF
y ¼
X4
i¼1
biPi þ aM þ dEþ 
IVTD
y ¼
X4
i¼1
biPi þ aM þ d1GLþ d2GGþ d3LLþ 
IVCWD
y ¼
X4
i¼1
biPi þ aM þ d1GLþ d2GGþ d3LLþ 
CP
y ¼
X4
i¼1
biPi þ aM þ
X
1 i<j 4
dijPiPj þ 
P = sown proportion of species i, M = density (coded as 1
for low and 1 for high), E = evenness (ranging from 0 for
monocultures to 1 for the centroid mixture), G = sown pro-
portion of the grass species and L = sown proportion of the
legume species).
Figure 1 Predicted diversity effect on dry-matter yield vs.
evenness for the 3 years. The evenness values in our experi-
ment were E = 0 for monocultures, E = 064 for communi-
ties dominated by one species, E = 088 for communities
co-dominated by two species and E = 1 for centroid com-
munities where all species were sown equally.
Figure 2 Predicted annual dry-matter yield, six sites com-
bined (axis 1) and nutritive-value attributes, four sites com-
bined (axis 2) for the centroid mixture partitioned into
predicted yield based on mixture components grown in
monoculture (■) and predicted diversity effect ( ) for each
year (Y1–Y3) (the models used are shown in Table 2).
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There was evidence of transgressive overyielding
(P < 001) in each of the 3 years when annual herb-
age DM yield was averaged over sown densities and
sites. Almost all of the eleven mixtures were more
productive than the most productive monoculture in
each year (Figure 3). On average, the mixtures were
9, 15 and 7% more productive than the most produc-
tive monoculture in the first, second and third years
respectively.
The species were sown in mixtures in varied pro-
portions which, when averaged across the eleven mix-
tures, give 25% of each species. We observed that the
proportions of the sown species in the total herbage
DM yield changed considerably over time (Figure 4).
Averaged over all mixtures and sites, the proportion of
smooth meadow grass increased from around 15% to
almost 50% of the total herbage DM yield, whereas
timothy contributed half of the herbage DM yield in
the first year but <30% in the third year (Figure 4).
The proportion of red clover was reduced from 20%
in the first year to 10% in the second year and then
remained constant. The proportion of white clover
was fairly constant throughout.
The mixtures were more resistant to weeds than
the most resistant species grown in monoculture (Fig-
ure 5). Weeds made up around 5% of the total herb-
age DM yield of mixtures, whereas clover
monocultures were highly invaded. When averaged
over sites and sown densities, the test for transgressive
underyielding of weeds was significant for all the
3 years (P < 001).
Nutritive value
The best diversity–interaction model for each nutritive
value attribute can been seen in Table 2. There were
significant interaction effects for each of the nutritive
value attributes, but these interactions were either
positive or negative and therefore tended to cancel
each other out when aggregated. This means that the
DE was not significant in most cases for the centroid
mixtures, except for a significant positive DE for NDF
concentration in the first year (P < 005) and for IV-
CWD in the second year (P < 001) (Figure 2, second-
ary y-axis). Note that Figure 2 compares the
performance of a centroid mixture (black plus grey
section of bar) to the weighted average of the four
monoculture performances (black section of bar).
The second analysis of the nutritive value attributes
by ANOVA revealed that there was a significant effect of
Figure 3 Annual dry-matter yield of the eleven mixtures
and four monocultures (timothy, smooth meadow grass, red
clover and white clover), averaged over sown densities and
sites for each year. The dotted lines highlight the most-
productive monoculture in each year. P values are for the test
for transgressive overyielding.
Figure 4 Changes in species proportion of timothy, smooth
meadow grass, red clover, white clover and weed, averaged
over all mixtures and sites.
Table 3 The predicted diversity effect for centroid commu-
nities expressed as percentage increase/decrease from the
annual dry-matter yield predicted solely from monoculture
performance for each site and year separately.
Site
Year 1 Year 2 Year 3
Δ% Δ% Δ%
Iceland (a) 25 14 18
Iceland (b) 84 50 35
Norway (a) 50 34 34
Norway (b) 28 29 18
Sweden 32 38 36
Canada 12 2 7
Bold font indicates values significant at P < 005.
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community for all attributes. Density effects were not
significant for any of the attributes and were therefore
dropped from the models. The results from Bonferron-
i’s multiple comparisons showed that the average of
all mixtures differed from the four monocultures for
some of the nutritive-value attributes. The timothy
monoculture had a higher NDF concentration than
the mixtures in the first (+15%) and second (+13%)
year (P < 0001 for both tests) while the white and
red clover monocultures had a lower NDF concentra-
tion (10 to 20%) than the mixtures in all 3 years
(P < 0001 for each test) (Figure 6). The timothy
monoculture had a lower IVTD (2%) than the mix-
tures in both the first and second year (P < 005)
while the white clover monoculture had a higher
IVTD than the mixtures in the first (+3%; P < 001)
and third year (+06%; P < 0001), and the red clover
monoculture had a higher IVTD in the first year
(+2%; P < 0001). Timothy had a higher IVCWD than
the mixtures in the first (+4%; P < 005) and third
year (+3%; P < 001). The white and red clover mono-
cultures had a lower IVCWD than the mixtures in the
second year (2 to 4%; P < 001 for both tests), and
the red clover monoculture had a lower IVCWD in
the third year (4%; P < 001). Mixtures and smooth
meadow grass monocultures did not differ significantly
for NDF concentration, IVTD and IVCWD. Timothy
and smooth meadow grass monocultures had lower
CP concentrations than the mixtures in the first (26
and 24%), second (16 and 21%) and third (16
and 15%) year (P < 001 for each test). Red clover
had a higher CP concentration than the mixtures in
the first year (+25%; P < 0001) but the difference
was not significant in the second and third year. The
white clover monoculture had a significantly higher
CP concentration (+18 to 22%) than the mixtures in
each of the 3 years (P < 001) (Figure 6).
Discussion
Yield advantage of mixtures
The herbage yield from the mixtures was more than
that expected from the weighted monoculture perfor-
mances. The model for DM yield, when all sites were
combined, showed positive DEs where interactions
between each pair of species were assumed to be
equal. The interaction between the fast-growing grass
and slow-growing legume was equal in strength to the
interaction between the fast- and slow-growing
grasses. In this experiment, the four agronomic species
to be grown together in the mixture were selected a
priori to maximize the positive interspecific interac-
tions. Red and white clover use the atmosphere as a
source of N and to increase the N pool in the soil and
are therefore not competing as strongly with the grass
species for soil N (Paynel et al., 2008). The species are
also complementary in time, as timothy and red clover
establish faster than smooth meadow grass and white
clover. Red clover is short lived, whereas white clover
can persist for many years. Thus, it has been shown
that beneficial effects of mixing grasses and legumes
may result from differences in their seasonal growth
pattern (L€uscher et al., 2005) or across years (Nyfeler
et al., 2009). Timothy and red clover are tall and erect,
whereas smooth meadow grass and white clover are
short and prostrate. This can lead to more efficient use
of resources such as light when grown together than
when grown separately. All these different functional
traits could have contributed to positive interactions
between these species resulting in total DEs for the
mixtures. The positive DEs observed here are consis-
tent with other studies that have shown that positive
interactions exist in grasslands, both in swards con-
taining grasses and legumes (Spehn et al., 2005; Ki-
rwan et al., 2007; Temperton et al., 2007) and also in
grass swards without legumes (Trenbath, 1974; van
Ruijven and Berendse, 2003).
If the interspecific interactions are sufficiently
strong, the net effect will be transgressive overyielding
(Trenbath, 1974). In our study, the mixtures were, in
most cases, more productive than the most productive
monoculture in each year. In the meta-analysis carried
out by Cardinale et al. (2007) only 12% of the forty-
four experiments indicated transgressive overyielding
when mixtures were compared to the most productive
species in the experiment but not necessarily in the
mixture. The strength of the DEs needed to reach
Figure 5 Annual dry-matter yield of weeds in the eleven
mixtures and four monocultures (timothy, smooth meadow
grass, red clover and white clover), averaged over sown den-
sities and sites for each year. The dotted lines highlight the
most-resistant monoculture to weeds in each year. P values
are for the test for transgressive underyielding.
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transgressive overyielding increases with the number
of species in the mixture and also with increasing vari-
ation of yield between those species grown in mono-
culture (Schmid et al., 2008). In this study, on the
other hand, there were four high-yielding agricultural
species selected a priori confirming the importance of
selecting species with differences in specific functional
traits. Transgressive overyielding has also been
observed in Switzerland (Nyfeler et al., 2009) and in
mid-European and dry Mediterranean environments
when two legume species and two grass species were
grown together in a mixture (Kirwan et al., 2007; Finn
et al., 2012).
The DEs became stronger as evenness increased,
but they became saturated as evenness approached
one in each year (Figure 1). This agrees with several
previous studies (e.g. Hector et al., 1999; Tilman et al.,
2001; Hooper et al., 2005), although those studies typ-
ically used species richness as the measure of diversity.
Manipulation of mixture evenness has been found to
play an important role in ecosystem functions (e.g.
Wilsey and Potvin, 2000; Kirwan et al., 2007), but it
has also been acknowledged that the effects of even-
ness require further study (Wilsey et al., 2005; Hille-
brand et al., 2008). The evenness values for sown
proportions of the mixtures in this study were 064,
088 and 10, and as such, they had similar DEs to
each other (when compared within each year)
because of the saturation effects (Figure 1). In future
studies, it would be useful to manipulate a wider
range of evenness values. Nonetheless, it is clear from
our results that increasing evenness increased DEs.
It is generally considered that the effects of species
complementarity become stronger with time (Cardi-
nale et al., 2007). In our study, although the DEs per-
sisted over 3 years, they did not generally increase
with time, and strong positive DEs were even found
in the first year. The duration of our experiment was
relatively short, so it is possible that over a longer time
period the observed effects would increase further as
was found by Reich et al. (2012). In agronomic sys-
tems, it is common to study the effects over a 3-year
period, but it is highly relevant to consider a longer
time frame as permanent grasslands are common in
northern areas.
In this experiment, the application of N fertilizer
ranged from 40 to 80 kg N ha1, which is lower than
normal applications to grass monocultures for herbage
production. Grass species will not produce maximum
herbage yield under such conditions, especially timo-
thy, which is known to have high N-fertilizer require-
ments. The DEs might be less or none under higher
levels of fertilizer application. Low levels of fertilizer
were used in this study to enhance the persistence of
the clover species and maximize the positive effects of
the grass–legume mixtures. In Switzerland, where two
legume and two grass species were grown under three
levels of N fertilizer, the DEs decreased with increasing
Figure 6 Average nutritive value of the mixtures (♦) and the four monocultures [timothy (□), smooth meadow grass (△), red
clover (9) and white clover (○)], averaged over four sites. The dotted lines show 95% Bonferroni decision limits, monocultures
outside the limits are significantly different from the mixtures.
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N fertilization but were still significant at
450 kg N ha1 (Nyfeler et al., 2009).
The DEs varied between sites, being highest at the
Icelandic (b) site and absent at the Canadian site. The
experiment at the Icelandic (b) site was carried out on
soils classified as Vitric Andosols (classification: WRB),
which are low in organic matter (Arnalds, 2008), and
this may possibly have resulted in the observed high
DEs. The two clover species survived poorly at the
Canadian site, resulting in low clover proportions in
the second and third years, possibly explaining no and
negative DEs observed at this site. No evidence of
pests or diseases was observed at this site. Although
the legume varieties used in the study are known to
be winter tolerant in the Nordic countries, they have
not been tested nor are they recommended in Canada.
They were possibly not well adapted to the conditions
where the Canadian experiment was carried out. The
benefits of legumes were evident in the northern
environments despite the generally poor persistence of
forage legumes in these regions and poor N fixation
rates at low temperatures (Nesheim and Boller, 1991).
Resistance to weed invasion
Mixtures resisted the invasion of weeds, which made
up only about 5% of their total herbage yield when
averaged over sites. In comparison, weeds were 10–
20% and 35–60% of the total herbage yield of the
grass and clover monocultures respectively. The posi-
tive DEs demonstrate that mixtures use available
resources more efficiently than monocultures, thus
making fewer resources available for weeds. It has
been postulated that selection effects play an impor-
tant role in resistance to weed invasion as diverse
mixtures are more likely to contain a species that
strongly resists the invasion of weeds (Hector et al.,
2001). In this study, the mixtures were more resistant
to weed invasion than the most resistant species
grown in monoculture. This indicates that the selec-
tion effects are not solely responsible for the improved
resistance in the mixtures. Other experiments have
shown reduced invasion with species diversity (Til-
man, 1997; Tracy and Sanderson, 2004), but it
depends on species (Frankow-Lindberg et al., 2009).
Nutritive value of mixtures
There were no or only weak DEs on the herbage
nutritive-value attributes. This is consistent with
observations reported by Deak et al. (2007) that spe-
cies composition was more important than diversity
when determining nutritive value. Herbage nutritive
value of forage grasses and legumes is negatively
related to DM accumulation (Belanger et al., 2001).
Hence, increases in herbage DM yield are expected to
result in a decrease in nutritive value. The efforts at
dissociating herbage yield and nutritive value by
genetic selection and management practices have not
always been successful. In our study, we could have
expected lower nutritive value of the mixtures
because of their greater DM yield. This was not the
case, and the nutritive value of mixtures was in gen-
eral similar to that of the monocultures. We can con-
clude that mixtures improve the relationship between
DM yield and nutritive value, making it possible to
increase DM yield with no negative effect on the
nutritive value.
Even though no significant DEs were observed
when comparing mixtures and the average of all
monocultures, mixtures of grasses and legumes had
much higher CP concentration than grass monocul-
tures, exceeding them by more than 30% in the first
year. Similarly, Sanderson (2010) reported that CP
concentration increased with increasing proportion of
legumes. In this study, the N application rate was low,
and CP concentration of grasses is known to increase
with higher N rates (Buxton, 1996; Zemenchik et al.,
2002). Mixtures with legumes have, however, been
found to have higher CP concentration compared to
grasses fertilized with 224 kg N ha1 (Zemenchik et al.,
2002). In this study, we considered the more tradi-
tional attributes of nutritive value (digestibility, fibre
concentration and CP concentration). Other attributes
related to protein degradation in relation to easily fer-
mentable carbohydrates might be affected by mixtures
(Gierus et al., 2012). Forage legumes are important
sources of protein for ruminants; their protein, how-
ever, is often poorly utilized by the animal (Dewhurst
et al., 2009). The high CP concentration in forage
legumes and its fast degradation rate compared to the
amount of fermentable organic matter available in the
rumen may lead to inefficient utilization of the N by
ruminants, resulting in high N losses to the environ-
ment. The benefits of mixtures over monocultures for
the energy–protein balance remain to be determined.
Along with increasing CP concentration, mixtures
of legumes with grasses tended to increase IVTD, pri-
marily when timothy is considered. Overall, our
results are consistent with other mixture experiments
where it was observed that including legumes with
grasses improved herbage nutritive value compared to
grass monocultures (Sleugh et al., 2000; Zemenchik
et al., 2002; Kunelius et al., 2006). The clover mono-
cultures had a greater CP concentration than the mix-
tures along with a slightly greater IVTD but they may
not be suitable as herbage without being mixed with
grasses, because of risk of bloat or infertility.
Grass monocultures tended to have higher NDF
concentrations than clover monocultures but also a
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greater digestibility of the cell wall or NDF. As a result,
grass monocultures tended to have a slightly lower
IVTD or digestibility of the DM than the clover mono-
cultures. Grass monocultures also had much lower CP
concentrations than clover monocultures. These differ-
ences between grass and legume species are well
known (Pelletier et al., 2010), and they are confirmed
by our results.
The herbage nutritive values were measured for
the total herbage DM yield, including weeds and thus
may not always represent the nutritive value of the
sown species. Plots that were highly invaded by weeds
showed poorer nutritive value because weeds are usu-
ally of poor nutritive value. This was evident with the
clover monocultures where the herbage had good
nutritive value in the first year, but in the third year,
when the proportion of weeds was higher, the nutri-
tive value was poorer, especially in red clover swards.
The mixtures were more resistant to weed invasion
than the grass and clover monocultures, thereby sus-
taining the herbage nutritive value.
Conclusions
Growing timothy, smooth meadow grass, red clover
and white clover in a mixture under the fairly
extreme climatic conditions of northern Europe and
Canada resulted in positive DEs, as the mixtures pro-
duced more herbage yield than was expected from
monoculture performance. Averaged across sites, the
DEs were strong enough to result in transgressive
overyielding, that is, the mixtures yielded more than
the most productive monoculture. Mixtures also
reduced the invasion of weeds. The positive effect of
mixtures on herbage DM yield was not accompanied
by a reduction in herbage digestibility and CP concen-
tration that usually is observed with increased DM
yield. Mixing legumes with grasses increased the CP
concentration of the herbage mixture relative to that
of grass monocultures. These benefits of mixtures
were observed even though they were grown under
low temperature, at which the N-fixing ability of the
clovers is likely to have been reduced. The benefits
also persisted over the 3 years that the experiment
was harvested.
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